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Quark-number susceptibilities

Motivation

✦ The deconfined phase of QCD can be reached in the laboratory

✦ Need for unambiguous observables to identify the phase transition

✦ fluctuations of conserved charges (baryon number, electric charge, strangeness)

S. Jeon and V. Koch (2000), M. Asakawa, U. Heinz, B. Müller (2000)

✦ A rapid change of these observables in the vicinity of Tc provides an unambiguous signal

for deconfinement

✦ These observables are sensitive to the microscopic structure of the matter

➟ non-diagonal correlators give information about presence of bound states in the QGP

✦ They can be measured on the lattice as combinations of quark number susceptibilities
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Choice of the action

✦ no consensus: which action offers the most cost effective approach

Aoki, Fodor, Katz, Szabo, JHEP 0601, 089 (2006)

✦ our choice tree-level O(a2)-improved Symanzik gauge action

2-level (stout) smeared improved staggered fermions

one of best known ways to improve on taste symmetry violation
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Pseudo-scalar mesons in staggered formulation

✦ Staggered formulation: four degenerate quark flavors (‘tastes’) in the continuum limit

✦ Rooting procedure: replace fermion determinant in the partition function by its fourth root

✦ At finite lattice spacing the four tastes are not degenerate

➟ each pion is split into 16

➟ the sixteen pseudo-scalar mesons have unequal masses

➟ only one of them has vanishing mass in the chiral limit
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✦ Scaling starts for Nt ≥ 8.
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diagonal and non-diagonal

quark number susceptibilities

Nf = 2 + 1 dynamical quark flavors

ms/mu,d = 28.15
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Results: light quark susceptibilities

cuu2 = T
V

∂2
lnZ

∂µu∂µu

∣

∣

∣

µi=0

 0

 0.2

 0.4

 0.6

 0.8

 1

 150  200  250  300  350  400

c 2
uu

/T
2

T [MeV]

SB limit

Nt=6

Nt=8

Nt=10

Nt=12, Ns=32

Nt=12, Ns=36

✦ quark number susceptibilities exhibit a rapid rise close to Tc

✦ at large T they reach ∼ 90% of the ideal gas limit
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Results: strange quark susceptibilities

css2 = χs
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cont.

HRG

✦ strange quark susceptibilities have their rapid rise at larger temperatures compared to the

light quark ones

✦ they rise more slowly as functions of T
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Results: nondiagonal susceptibilities

cus2 = cds2 = T
V
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✦ non-diagonal susceptibilities look at the linkage between different flavors

✦ in the hadronic phase they are non-zero

✦ they exhibit a strong dip in the vicinity of Tc

✦ they vanish in the QGP phase at large temperatures
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Results: fluctuations of baryon number

χB = 1

9

(

2cuu2 + χs
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cont.

HRG

✦ rapid rise around Tc

✦ It reaches ∼ 90% of ideal gas value at large temperatures
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Testing the presence of bound states in the QGP

✦ Simple QGP: strangeness is carried by strange quarks

➜ Baryon number and strangeness are correlated

✦ Hadron gas: strangeness is carried mostly by mesons

➜ Baryon number and strangeness are uncorrelated

✦ Bound state QGP: strangeness is carried mostly by partonic bound states

➜ Baryon number and strangeness are uncorrelated

We define the following object

CBS = −3 〈BS〉
〈S2〉

V. Koch, A. Majumder, J. Randrup, PRL95 (2005). E. Shuryak, I. Zahed, PRD70 (2004).
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Simple estimates

In a QGP phase:

✦ −3〈BS〉 = 〈(ns̄ − ns)
2〉

〈S2〉 = 〈(ns̄ − ns)
2〉

at all T and µ

CBS = 1

In hadron gas phase:

✦ −3〈BS〉 = 3[Λ + Λ̄ + Σ + Σ̄ +

...]+6[Ξ+Ξ̄+ ...]+9[Ω+Ω̄+ ...]

〈S2〉 = K++K−+K0+Λ+Λ̄+...

at T ≃ Tc and µ = 0

CBS = 0.66

In bound state QGP:

✦ heavy quark, antiquark quasiparticle contribute both to 〈BS〉 and to 〈S2〉

✦ bound states of the form sg or s̄g contribute both to 〈BS〉 and to 〈S2〉

✦ bound states of the form sq̄ or s̄q contribute only to 〈S2〉

at T = 1.5 Tc MeV and µ = 0

CBS = 0.62
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Results: baryon-strangeness correlator

CBS = 1 +
cus
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cont.

HRG

✦ CBS indicates the possibility of bound states in a certain window above Tc

✦ there is a window of about 100 MeV above the transition where CBS < 1
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Recent work: are there bound states in the QGP?

✦ Comparison of lattice to PNJL (C.R., R. Bellwied, M. Cristoforetti, M. Barbaro, arXiv:1109.6243)
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Baryon-meson dependence in correlator

✦ Baryons dominate in HRG at T > 190MeV

✦ The lattice correlator never turns positive

➟ bound states above Tc are predominantly of mesonic nature

✦ The upswing in the lattice data shows that baryon contribution increases with T

C.R., R. Bellwied, M. Cristoforetti, M. Barbaro, arXiv:1109.6243
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charm quark susceptibilities

Nf = 2 + 1 + 1

with partial quenched charm

mc/ms = 11.85
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Charm quark number susceptibilities

ccc2 = T
V
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✦ charm susceptibilities rise at much larger temperatures compared to the light quark ones

✦ their rise with temperature is much slower
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Possible interpretations
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➟ Quark-number susceptibilities

Possible interpretations
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charm quark gas

✦ thermal excitation of charm quarks takes

place at larger temperatures

✦ ideal gas of charm quarks agrees with

lattice

need for non-diagonal quark number susceptibilities
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Conclusions

✦ study of diagonal and non-diagonal quark number susceptibilities for Nf = 2 + 1

dynamical flavors

✦ diagonal quark number susceptibilities: signals of QCD phase transition

➟ rapid rise close to Tc

➟ susceptibilities of different flavors show their rise at different T

✦ correlations between different flavors are large immediately above Tc

➟ possibility of bound states survival in the QGP

✦ diagonal charm quark susceptibilities rise at much larger temperatures

✦ they don’t allow to distinguish between HRG and free charm gas

➟ need for non-diagonal correlators

Claudia Ratti 19



Quark-number susceptibilities

Backup slides
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Comparison with previous lattice data

cuu2 = T
V

∂2
lnZ

∂µu∂µu

∣

∣

∣

µi=0

 0

 0.2

 0.4

 0.6

 0.8

 1

 0.8  1  1.2  1.4  1.6  1.8  2

c 2
uu

/T
2

T/Tc

SB limit

stout Nt=6

stout Nt=8

stout Nt=10

stout Nt=12, Ns=32

stout Nt=12, Ns=36

asqtad Nt=6

asqtad Nt=8

p4 Nt=6

p4 Nt=8

✦ physical quark masses ms/mu,d = 28.15

✦ finer lattice spacings approaching the continuum

✦ the phase transition turns out to be much smoother
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All path approach

✦ Our goal:

➟ determine the equation of state for several pion masses

➟ reduce the uncertainty related to the choice of β0

✦ conventional path: A, though B, C or any other paths are possible

✦ generalize: take all paths into account
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Finite volume and discretization effects

✦ finite V : Ns/Nt = 3 and 6 (8 times larger volume): no sizable difference

✦ finite a: improvement program of lattice QCD (action observables)

➟ tree-level improvement for p (thermodynamic relations fix the others)

➟ trace anomaly for three T -s: high T , transition T , low T

➟ continuum limit Nt = 6, 8, 10, 12: same with or without improvement

✦ improvement strongly reduces cutoff effects: slope≃ 0 (1− 2σ level)
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